alzheimer's disease (ad) is a neurodegenerative disease of the central nervous system that is characterized by progressive cognitive dysfunction and which ultimately leads to dementia. Studies have shown that energy dysmetabolism contributes significantly to the pathogenesis of a variety of aging-associated diseases and degenerative diseases of the nervous system, including ad. one focus of research thus has been how to regulate the expression of nicotinamide phosphoribosyltransferase (naMPT) to prevent against neurodegenerative diseases. Therefore, the present study used 6-month-old aPPswe/PS1Δe9 (aPP/PS1) transgenic mice as early ad mouse models and sought to evaluate nicotinamide adenine dinucleotide (nad + ) and FK866 (a naMPT inhibitor) treatment in aPP/PS1 mice to study naMPT dysmetabolism in the process of ad and elucidate the underlying mechanisms. as a result of this treatment, the expression of naMPT decreased, the synthesis of aTP and nad + became insufficient and the nad + /nadH ratio was reduced. The administration of nad + alleviated the spatial learning and memory of aPP/PS1 mice and reduced senile plaques. administration of nad + may also increase the expression of the key protein naMPT and its related protein sirtuin 1 as well as the synthesis of nad + . Therefore, increasing naMPT expression levels may promote nad + production. Their regulation could form the basis for a new therapeutic strategy.
Introduction
alzheimer's disease (ad) is a neurodegenerative disease of the central nervous system that is characterized by progressive cognitive dysfunction, ultimately leading to dementia. While the pathological hallmarks are mainly the formation of extracellular senile plaques, intracellular neurofibrillary tangles and neuronal loss, its pathogenesis has not been fully elucidated (1) . Previous studies have demonstrated that energy dysmetabolism contributes significantly to the pathogenesis of a variety of aging-associated diseases and degenerative disease of the nervous system, including ad (2, 3) . With aging, the imbalance of energy metabolism in the brain is intensified, which promotes amyloid (A)β production. aβ further induces energy metabolism disorder in the brain (4, 5) . When the energy metabolism of neurons in the brain is deregulated, ATP synthesis is insufficient and leads to irreversible damage to neuronal structure and function (6, 7) . Since research has demonstrated that energy disorders of the brain have an important impact on the development of ad, improving the energy metabolism of nerve cells in the brain is expected to delay the pathogenesis of ad (8) (9) (10) .
nicotinamide adenine dinucleotide (nad + ) is an important coenzyme in the redox reaction, which can participate in energy synthesis through glycolysis, the tricarboxylic acid cycle and mitochondrial oxidative phosphorylation (10). The majority of nad + is synthesized by a salvage pathway from the conversion of nicotinamide to a nicotinamide mononucleotide, which is subsequently converted to nad + (11). nicotinamide phosphoribosyltransferase (naMPT) is the rate-limiting enzyme in the nad + rescue pathway and is involved in energy metabolism by regulating nad + synthesis (12) , maintaining the homeostasis of energy metabolism in the brain and thereby increasing the expression of nad + (the level of naMPT has been proven to regulate positively nad + levels) (13) . However, few studies to date have directly explored the potential therapeutic effect of targeting naMPT and nad + biosynthesis, despite it being known that nad + is the starting point of the majority of key metabolic pathways and therefore the key governor of cellular aging and age-related processes (14, 15) . How to regulate the expression of naMPT to protect against neurodegenerative diseases such as ad has become the focus of recent research.
The present study used 6-month-old aPPswe/PS1Δe9 (aPP/PS1) transgenic mice as early ad mouse models and observed the mechanism of naMPT-related pathways in the process of ad.
Materials and methods
Ethics statement. all procedures were performed in accordance with the Guide for and use of Medical laboratory animals (Ministry of Health china, 1998) (16) and were approved by the Shanghai university of Traditional chinese Medicine (Shanghai, china) laboratory animal care and use committee (no. PZSHuTcM19011807).
APP/PS1 transgenic mice and drug treatment. in total, 18 male aPP/PS1 transgenic mice (age: 24 weeks; weight: 26±3 g) and 6 male c57Bl/6 mice (age: 24 weeks; weight: 27±2 g) were used in the present study. The aPP/PS1 mouse strain is a double-transgenic hemizygote that expresses a chimeric mouse/human amyloid precursor protein and mutant human presenilin-1. These transgenic mice were used as they develop behavioral and pathology features of ad similar to patients and have been used in previous ad studies worldwide (17) (18) (19) . Separately, c57Bl/6 mice were used as age-matched controls. The aPP/PS1 transgenic mice were purchased from the Model animal research center of nanjing university, while c57Bl/6 mice were obtained from the experimental animal center of Shanghai academy. The nad + group were intraperitoneally injected with nad + (30 mg/kg, Sigma-aldrich; Merck KGaa) at 20 weeks of age and once every other day for 4 weeks. The FK866 (naMPT inhibitor) group were intraperitoneally injected with FK866 (1 mg/kg, Sigma-aldrich; Merck KGaa) at 20 weeks of age and once every other day for 4 weeks. The mice were housed in a controlled specific-pathogen-free environment (22±3˚C; 60% relative humidity; 12-h light/dark cycle) with ad libitum access to water and food.
Morris water maze test. Spatial learning and memory of the mice were assessed using a Morris water maze test (MWM) according to a previous study (20) with minor modifications. The water was made opaque with titanium dioxide and water temperature was kept at 22±2˚C. A platform was placed 1 cm under the surface of the water. in the hidden platform experiment, mice received 4 training trials per day for 5 consecutive days. On the first trial of the first day, mice were placed on the platform for 10 sec, after which they were placed in the water. The pool area was conceptually divided into four quadrants of equal size. Taking the quadrant of the platform as the first quadrant, the second and fourth quadrants were taken as the starting point for 2 trials and the mice were placed facing the pool wall. If a mouse failed to find the platform in 70 sec, it was gently guided to the platform location and allowed to stay on it for 30 sec. The time to find the platform was recorded as the escape latency. The experiments were recorded with a camera connected a video recorder and a computerized tracking system, with the automatic timer set to 70 sec.
in the probe trials, at 24 h after the last training trial, the platform was removed and the mice were placed at the second and fourth quadrants, and the time of the target quadrant (first quadrant) and the number of times crossing the location that previously contained the platform within 70 sec were recorded.
Thioflavin S staining. Mice were anesthetized with 5% chloral hydrate at a dose of 400 mg/kg intraperitoneally and saline solution was used for perfusion through the heart, which was followed by 4% paraformaldehyde. The brains of the mice were then removed, fixed in 4% paraformaldehyde for 24 h at room temperature and immersed in 30% sucrose until they sank. The brain tissue was serially sectioned at a 30-µm thickness using a HM1950 freezing microtome. The sections were permeabilized in xylene for 10 min, dehydrated using anhydrous ethanol for 5 min, and then stained with 1% thioflavin S (Sigma-Aldrich; Merck KGaA) at 37˚C for 30 min. The stained samples were differentiated in 70% alcohol solution for 5 min, mounted with glycerol gel, and observed using fluorescence microscopy (magnification, 200x; Olympus BX51; Olympus corporation).
NAD + /NADH analysis. a nad + /NADH quantification kit was used to determine nad + /nadH levels (cat. no. k337-100; BioVision, inc.), according to the manufacturer's instructions. Hippocampus tissue (20 mg) was washed with precooled phosphate-buffered saline (PBS), homogenized in 400 µl of the nad + /nadH extraction buffer and then centrifuged for 5 h at 18,000 x g at 4˚C. The resulting supernatant was labeled as total nad + sample (nad + t). Subsequently, 200 µl of the nad + t sample was heated at 60˚C for 30 min (to consume all nad + from the sample, leaving only nadH to be analyzed). Following cooling on ice, the sample was centrifuged at 12,000 x g for 30 sec at 4˚C and the resulting supernatant was labeled as the nadH sample. nad + /nadH extraction buffer was added to bring the volume to 50 µl. Subsequently, 100 µl of enzyme reaction mix and 10 µl of nadH developer were added to each well, the mixture was incubated at room temperature for 2 h and the absorbance was measured using a microplate reader (wavelength: 450 nm).
ATP content detection. cortical or hippocampus tissue (10 mg) was washed with precooled PBS, homogenized in 100 µl of lysis buffer (cat. no. P0013B: Beyotime institute of Biotechnology) and centrifuged at 12,000 x g at 4˚C for 5 min. The resulting supernatant was transferred to a new eppendorf tube and then the reaction solution (aTP assay Buffer, aTP probe, aTP converter and develop Mix; Sigma-aldrich; Merck KGaa) was added to bring the volume to 50 µl. The reaction solution was shaken in a shaker for 30 min at room temperature. To correct for the background of the samples, a well per sample was used as the sample background well. The absorbance was measured at a wavelength of 570 nm using a microplate reader.
Immunohistochemical staining. Following a behavioral test, three mice were randomly selected in each group. Following anesthesia, the brains were perfused with 4% paraformaldehyde for 4 h and then transferred to a 30% sucrose gradient at room temperature. after the brains had sunk to the bottom, continuous coronal sectioning was performed (30 µm thickness) using a HM1950 freezing microtome. The sections were permeabilized in xylene for 10 min and dehydrated using anhydrous ethanol for 5 min. The sections were washed with 0.01 M of PBS and blocked with 5% BSa (Sigma-aldrich; Merck KGaa) for 1 h at room temperature. Then the sections were incubated with polyclonal anti-naMPT antibody (1:200; cat. no. ab45890; Abcam) overnight at 4˚C. Following rinsing with PBS, sections were incubated with horseradish peroxidase (HrP)-conjugated anti-rabbit igG antibody (1:500; cat. no. Sa00001-2; ProteinTech Group, Inc.) for 1 h at 37˚C, washed with PBS, and streptavidin-biotin complex (Beyotime institute of Biotechnology) was added. Then the sections were developed with 3,3'-diaminobenzidine for 10 min at room temperature and dehydrated with gradient alcohol, cleared with xylene, sealed with neutral gum and observed with using a light microscope (magnification, x200; olympus BX51; olympus corporation).
Western blot analysis. The isolated hippocampus tissue was collected, homogenized in lysis buffer (cat. no. P0013B; Beyotime institute of Biotechnology), lysed on ice for 30 min and centrifuged at 12,000 x g for 20 min at 4˚C. Total protein concentration was determined using a Micro Bca Protein assay kit (Thermo Fisher Scientific, inc.). Then, 30 µg of protein sample was heated at 95˚C for 5 min and separated by 10% SdS-polyacrylamide gel electrophoresis, after which it was transferred onto a PVdF membrane. The membrane was blocked with 3% BSA at 37˚C for 1 h. Following blocking, the membranes were incubated with primary antibodies (anti-naMPT 1:500, cat. no. ab45890, abcam; anti-SirT1, 1:1,000, cat. no. ab110304, abcam; and GaPdH, 1:1,000; cat. no. 5174; Cell Signaling Technology, Inc.) overnight at 4˚C. The membrane was washed with TBST three times for 10 min and then treated with HrP-labeled goat anti-rabbit secondary antibody (1:2,000; cat. no. Sa00001-2; ProteinTech Group, inc.) and HrP-labeled goat anti-mouse secondary antibody (1:2,000; cat. no. SA00001-1; ProteinTech Group, Inc.) for 1 h at 37˚C. Blots were washed three times for 10 min in TBST. after incubation with enhanced chemiluminescence chromogenic solution (cat. no. P0018s; Beyotime institute of Biotechnology) for 1 min at room temperature, quantification of the proteins of interest was determined relative to GaPdH using imageJ software (version 1.4; national institutes of Health).
Statistical analysis. Statistical analysis was performed using GraphPad software 6.0 (GraphPad Software, inc.). Measurement data are presented as the mean ± standard error of the mean. Two-way anoVa followed by Bonferroni post hoc test was used to analyze group differences in the escape latency. a one-way anoVa followed by lSd multiple-range test was used in the probe trial. For the non-normally distributed data or for data with heterogeneous variance, a Kruskal-Wallis test was used. P<0.05 was considered to indicate a statistically significant difference.
Results
APP/PS1 mice exhibit impaired performance and effects of NAD + and FK866 treatment in the MWM tasks. Memory impairment in aPP/PS1 transgenic mice was determined using the MWM test in terms of the escape latency. The results demonstrated that, with the increase in the number of training days, the escape latency gradually shortened. on the fifth day, the escape latency of the aPP/PS1 group (ad) mice was significantly longer compared with the blank control group (P<0.01), suggesting that the learning and memory abilities of AD mice were significantly impaired. Furthermore, the escape latency of nad + mice was significantly shorter than that of aPP/PS1 mice after intraperitoneal injection of nad + (P<0.01); while, after FK866 intervention, there was no significant change in escape latency in the FK866 mice compared with the aPP/PS1 mice (Fig. 1a) .
in the space exploration experiment on the sixth day, after removing the platform it was found that APP/PS1 mice significantly reduced the target quadrant residence time (P<0.01) compared with control group mice, indicating that the spatial memory ability of ad mice was impaired. Following nad + treatment, the nad + mice spent more time in the target quadrant compared with the aPP/PS1 mice (P<0.01); however, there was no significant change in the target quadrant residence time of the mice in the aPP/PS1 group compared with the FK866 group (Fig. 1B) . in comparison with the control group, the number of platform crossings was significantly reduced in the aPP/PS1 group (P<0.05) and the nad + mice exhibited an increased number of platform crossings compared with the APP/PS1 mice, but these findings were not statistically significant (P>0.05). Overall, there was no significant change between the aPP/PS1 group and FK866 group (Fig. 1c) .
NAD + treatment reduces amyloid plaques of cortex and hippocampus in APP/PS1 transgenic mice. Staining with Thioflavin S for senile plaques in the cortex and hippocampus was conducted. as expected, the ad mice presented numerous plaques at 6 months of age as compared with the control mice in cortex and hippocampus; however, following nad + treatment, scattered green fluorescent plaques were observed in the cortex and hippocampus of every group and, after FK866 injection, multiple green fluorescent plaques were also seen in the cortex and hippocampus in ad mice (Fig. 2) . NAD + treatment improves ATP content of cortex and hippocampus in APP/PS1 transgenic mice. aTP content in the cortex and hippocampus was measured in each group of mice. The results demonstrated that, compared with the control group, the aTP content in the cortex in the aPP/PS1 group was significantly decreased (P<0.05), while, in comparison with the aPP/PS1 model group, the aTP content in the cortex in the nad + group was significantly increased (P<0.05). Following FK866 intervention, the aTP content of the cortex decreased compared with aPP/PS1 mice, but without statistical significance (P>0.05). Additionally, in comparison with the control group, the aTP content in the hippocampus in the aPP/PS1 group was significantly decreased (P<0.05), while, compared with the aPP/PS1 model group, the aTP content in the hippocampus in the nad + group was significantly increased (P<0.05). Following FK866 intervention, there was no significant change in the NAD + group compared with aPP/PS1 model group (Fig. 3) .
NAD + treatment increases NAD + level and NAD + /NADH ratio in APP/PS1 transgenic mice. nad + and nadH are essential coenzymes for cell energy metabolism. under normal physiological conditions, the nad + /NADH ratio reflects the redox state of cells. When the energy metabolism of the cells is deregulated, the levels of nad + and nadH will change, which is reflected as an imbalance in the NAD + /nadH ratio (21) . The present study detected nad + and nadH levels in the cortex and hippocampus. The nad + content in the cortex in the aPP/PS1 group was significantly decreased compared with the control group (P<0.05) and the nad + /nadH ratio was similarly decreased (P<0.01), although the nadH level was not significantly changed. compared with the aPP/PS1 model group, the nad + content of the cortex was significantly increased in the NAD + group (P<0.05) and the nad + /NADH ratio was significantly increased (P<0.01), while the NADH level was not significantly changed. Separately, in comparison with aPP/PS1 mice, nad + content in the cortex decreased significantly in the FK866 group (P<0.05) and the nad + /nadH ratio decreased (P<0.01), although the nadH level did not change significantly between the two groups.
compared with the control group, the nad + content in the hippocampus in the aPP/PS1 group was significantly decreased (P<0.05), while the NADH level was not significantly changed and the nad + /nadH ratio was decreased (P<0.01). Furthermore, compared with the aPP/PS1 model group, the nad + content in the hippocampus in the nad + group was significantly increased (P<0.05) and the NAD + /nadH ratio was significantly increased (P<0.01), while the NADH level was not significantly different. Regarding the NAD + content, nadH level and nad + /NADH ratio, there was no significant change in the hippocampus in the FK866 group compared with the other mice ( Fig. 4) .
Expression of NAMPT protein decreases in APP/PS1 transgenic mice and NAD + treatment improves the expression.
in order to confirm the expression of NAMPT proteins in the cortex and hippocampus in aPP/PS1 transgenic mice, immunohistochemical staining was performed. it was observed that the brown positive expression of naMPT protein in the cortex and hippocampus in aPP/PS1 group was decreased compared with the control group (P<0.05). Following intraperitoneal injection of nad + , the positive expression of naMPT protein increased compared with the aPP/PS1 group (P<0.05), while there was no significant change in NAMPT levels in the cortex and hippocampus in FK866 mice compared with aPP/PS1 mice (P>0.05; Fig. 5 ).
Protein extracts were also prepared and analyzed by western blotting to determine protein levels. The results demonstrated that the protein expression of naMPT and SirT1 in the cortex in the APP/PS1 group was significantly decreased when compared with the control group (P<0.01). intraperitoneally injecting nad + increased the expression of naMPT in the cortex in the nad + mice (P<0.05). There was no significant change in naMPT protein levels in the FK866 mice compared with in APP/PS1 mice (P>0.05). Consistent with the changes in the cortex, the results demonstrated that the naMPT and SirT1 level in the hippocampus in the aPP/PS1 group was decreased compared with the control group (P<0.01). naMPT expression levels in the hippocampus in the nad + group were also significantly increased after intraperitoneal injection of nad + (P<0.05); however, injecting nad + did not increase SirT1 expression levels. Finally, there was no significant change in naMPT and SirT1 protein expression levels in the hippocampus in FK866 mice, compared with in aPP/PS1 mice (P>0.05; Fig. 6 ).
Discussion
ad is a degenerative disease of the nervous system. Studies have demonstrated that energy metabolism abnormalities are closely related to the development of early ad (22) (23) (24) (25) . The energy metabolism of failing neurons often precedes, or occurs simultaneously with, cognitive impairment (26) . The mechanism may be that the energy metabolism disorder of the brain can upregulate amyloid precursor protein amyloidal digestion pathway to promote the production of aβ and aβ deposition, further causing mitochondrial dysfunction and leading to abnormal energy metabolism (27, 28) . in addition, abnormal energy metabolism of the brain has also been associated with hyperphosphorylation of the protein τ, which can affect synaptic function and aggravate cognitive impairment by activating the p38/mitogen-activated protein kinase-related pathway (29) . nad + is required for mitochondrial respiration and aTP synthesis and maintenance of nad + level is important for the prevention of mitochondrial dysfunction (30) . nad + level declines with age in many cell and tissue types, with altered nad + metabolism and concurrent alterations in the mitochondrial function being inherent in ad (31) . nad + can be synthesized via different precursors; the main two synthetic pathways are tryptophan synthetic pathways de novo and salvage pathways (32, 33) . The de novo synthesis pathway of tryptophan is mainly carried out in the liver and kidneys, which only synthesizes a very small amount of nad + . The salvage pathway, using nicotinic acid (na) and nicotinamide (naM) as raw materials, is the main source of nad + synthesis. na and naM produce nicotinamide mononucleotide (nMn) through catalyzation by nicotinic acid phosphoribosyltransferase. NAMPT, originally identified as pre-B-cell colony enhancing factor, is the rate-limiting enzyme that catalyzes the first step in the biosynthesis of nad + from nicotinamide (33, 34) . inhibition of NAMPT results in significant depletion of NAD + which can modulate the activity of the Tca cycle and most of sirtuins (35) .
Previous studies have found that nad + precursors such as nMn and naM can improve the learning and memory abilities and mitochondrial function of ad model mice, suggesting that nad + upregulation can reverse the damage of brain energy metabolism (36, 37) . other studies have suggested that nad + mediates a number of major biological processes, including calcium homeostasis, mitochondrial functions and energy metabolism, aging, and cell death in various tissues including the brain (38) (39) (40) . nad + acts as a neuroprotective agent via several mechanisms, including the prevention of aTP depletion (41) naMPT, a cytokine secreted by fat cells, is expressed in various tissues including the liver, kidneys, skeletal muscle and brain tissue and is involved in the oxidation of cells due to the biosynthesis of nicotinamide adenine dinucleotide (42) . naMPT affects energy metabolism, protein modification, DNA repair and other important processes by participating in the synthesis of nad + . as a rate-limiting enzyme of the nad + salvage pathway, naMPT can affect cell metabolism and nad + synthesis, interfering with nad + dependent-related protein expression (38, 42) . recently, studies have demonstrated that naMPT is associated with central nervous system diseases, in that it can protect neurons and delay the occurrence of axonal degeneration (43, 44) . With increasing age, the expression of naMPT in the brain of ad patients is decreased, causing the level of nad + and the antioxidant enzyme glutathione to decrease, aggravating neuronal degeneration (45, 46) . Previous studies have demonstrated that naMPT is mainly expressed in neurons in the mouse brain (47) (48) (49) . With aging, the essential cofactor nad + decreases; the age-associated decrease in nad + levels is due to a decline in protein level naMPT (50) and ad is an age-related neurodegenerative disease (51) .
The present study has demonstrated that cortex and hippocampal nad + levels and naMPT expression declined in early stage ad model mice. Based on previous studies (52, 53) , it is hypothesized that nad + administration could combat naMPT decrease in the early stage of ad. The present study demonstrated that the decrease of naMPT lead to nad + decrease, while nadH levels were not affected, leading to a decrease in the nad/nadH ratio. Maintenance of nad + /nadH ratio is critical for mitochondrial function, such as aTP synthesis in Tca cycle and oxidative phosphorylation in mitochondria (54), and it was identified that aTP decreased in the cortex and hippocampus. as nad + is able to travel freely inside the cell, decreased cellular nad + levels may result in reduced activity of the enzymes that use nad + as a substrate, including SirT1 (55) . in various animal models, age-related metabolic decline is positively correlated with the decline of nad + , and the change of nad + /nadH ratio can regulate sirtuin enzymes, including SirT1. SirT1 is expressed in both brain and peripheral tissues, and may shuttle to the cytoplasm during neuronal differentiation and neurite outgrowth and apoptosis. SirT1 has an essential role in regulating cellular homeostasis by influencing neuron survival and mitochondrial biogenesis (56, 57) . The present study demonstrated that the intraperitoneal injection nad + levels in aPP/PS1 mice was also associated with increased level of SirT1. The nad + level in aPP/PS1 mice after treatment with FK866 was measured and, as expected, FK866 treated APP/PS1 mice contained significantly less total NAD + in the cortex and a lower nad + /nadH ratio compared with aPP/PS1 mice without any treatment. in the hippocampus, there was no significance difference between the FK866 and APP/PS1 groups in the level of nad + and the nad + /nadH ratio, which may be related to the pathological development of early ad mice model. However, it is considered that these results indicated that naMPT inhibition caused nad + deficiency, which demonstrated that improvement of naMPT can increase the generation nad.
The present study demonstrated that nad + depletion with decreased naMPT is reversible and that nad + replenishment can reverse the impaired brain-energy metabolism that are implicated in cognitive decline and mitigates neurodegeneration. Given that naMPT plays an important role in nad synthesis, combining nad + or a drug increasing naMPT may constitute a therapy for ad in the future. Figure 6 . Western blot analysis of naMPT and SirT1 protein expression in the cortex and hippocampus in every group and the quantification of naMPT protein. data are presented as the mean ± standard error of the mean (n=3). ** P<0.01 vs. con; and # P<0.05 vs. aPP/PS1. naMPT, nicotinamide phosphoribosyltransferase; SirT, sirtuin; con, control; aPP/PS1, aPPswe/PS1Δe9; FK866, an inhibitor of naMPT; nad, nicotinamide adenine dinucleotide.
